The use of fibre reinforced polymer (FRP) has been widely recognised to be an effective and economical way to strengthen existing structures or repair damaged structures for extending their service life. This study investigates the feasibility of using nonlinear guided wave to monitor crack-induced debonding in FRP strengthened metallic plates. The study focuses on investigating the nonlinear guided wave interaction with the crack-induced debonding. A three-dimensional (3D) finite element (FE) model is developed to simulate the crack-induced debonding in the FRP strengthened metallic plates. The performance of using fundamental symmetric (S0) and anti-symmetric (A0) mode of guided wave as incident wave in the second harmonic generation at the crack-induced debonding is investigated in detail.
Introduction
FRP strengthened aluminium plates have been widely used in aircraft structures due to its ability in fatigue crack grow resistance, high tensile strength and low density 1, 2 .
Meanwhile, externally bonded composite patches have also been applied to repair cracks in aircraft structures. The composite repair provides efficient load transfer and reinforcement for the structures with cracks, and thus, it prevents or retards the crack propagation 1 .
For the FRP strengthened aluminium plates, damages, such as fatigue crack and debonding, can also be generated due to impact or fatigue loading Thus, it needs a reliable damage detection system that can detect both fatigue crack and debonding to ensure the safety and integrity of the structure. For composite repaired aluminium plates, the existing crack can still propagate under fatigue loading 4 .
Meanwhile, debonding between the composite patch and damaged structure can be initiated by poor bonding or propagation of fatigue crack 5 . The debonding area can grow under loading and result in losing the strength of the reinforcement. As a result, it is necessary to monitor the integrity of the composite repair structures constantly.
Linear guided wave
Guided wave, with the ability to inspect a larger area compared with the ultrasonic bulk wave 6 and high sensitivity to small and different types of damages [7] [8] [9] , provides an attractive approach for damage detection. In the last two decades, guided wave has attracted significant research interests 6, 9 . In general, the studies focused on understanding the physical insights into the guided wave interaction with different types of damages, e.g. thickness reduction 10 , crack 11, 12 , delamination [13] [14] [15] [16] and debonding 17, 18 , and developing guided wave based damage detection techniques using time-of-flight information of the waves 19 , maximum-likelihood estimation 20 carried out an experimental study using a built-in piezoelectric senor/actuator network within a composite repair patch bonded on a notched aluminium plate. They proposed to use fundamental anti-symmetric (A0) and symmetric mode (S0) of Lamb wave to detect the debonding and fatigue crack on the repaired material, respectively. It should be noted that of the aforementioned studies only focused on using linear guided wave, which is not as sensitive as the nonlinear guided wave in detecting incipient damages and early state of material degradations 28 .
Nonlinear Guided Wave induced by Contact Nonlinearity
Different to linear guided wave, nonlinear guided wave correlates the presence and characteristics of a damage with measured signals whose frequencies differ from the frequencies of the input signal to the structures. The generation of signal with different frequencies is a result of a nonlinear transformation of the input energy due to damage or other nonlinearities.
Higher harmonic generation is one of the commonly used nonlinear features.
The generation of higher harmonics of contact-type defects, such as fatigue cracks, delamination and debonding, is mainly due to \contact nonlinearity 29 . Taking fatigue crack as an example, when guided wave propagates through the fatigue crack, the compressional part of the wave closes the crack while the tensile part open it. As a result, the compression part of the wave can pass through the crack, while the tensile part cannot, and a nearly half-wave rectification of the waveform occurs after the wave passes through the crack 30 . Previous studies proved the ability of using nonlinear guided waves, typically higher harmonic generation, to detect delamination and fatigue cracks [31] [32] [33] . Soleimanpour et al. 32 investigated the higher harmonic generation of A0 guided wave at a delamination in composite beams. Both experiments and FE simulations were used to provide physical insights into the higher harmonic generation due to delaminations with sizes and locations. Yang et al. 33 investigated the second harmonic generation in an aluminium plate with a fatigue crack. They found that S0 guided wave is more sensitive to the fatigue crack than A0 mode, and it can generate larger magnitude of second harmonic.
In practical situation, when the fatigue crack appears in the FRP strengthened metallic plate, it could lead to debonding between the FRP and metallic plate at the area surrounding the fatigue crack. The study of higher harmonic generation due to the combined effect of both fatigue crack and debonding in the FRP strengthened metallic plate was very limited in the literature. Most of the existing studies only considered the fatigue crack or debonding separately 34 . Therefore, this study investigates the second harmonic generation due to the interaction of guided wave at crack-induced debonding. In this study, three-dimensional (3D) finite element (FE) simulation, which was proved to be capable of providing a reliable prediction on both linear 35 and nonlinear 33 guided wave features at the damages in structures, is used to gain physical insights into the higher harmonic generation phenomenon. This study indicates the feasibility of using second harmonic generation in monitoring the propagation of fatigue crack and debonding in the FRP strengthened metallic plate.
The rest of the paper is arranged as follow. Section 2 describes the details of the 3D FE model, in which the crack-induced debonding is also described in detail.
Section 3 presents the results and discussion of a series of numerical case studies using the 3D FE model. Finally, conclusions are presented in Section 4. While for the excitation of A0 guided wave, out-of-plate displacement is applied to the whole surface of the transducer regions at the top and bottom surface as shown in (5mm for A0 guided wave and 16mm for S0 guided wave). The simulation is solved using the ABAQUS/Explicit.
Three-dimensional

Modelling of crack-induced debonding
A fatigue crack is first modelled in the aluminium plate by inserting a seam as shown 
Case studies and discussions
A series of case studies were carried out to investigate the crack-induced debonding on the higher harmonic generation of the guided wave in the FRP strengthened aluminium plate. Three scenarios were considered in this study. In each scenario, the S0 and A0 guided wave was used as incident wave, separately. Below is a summary of the scenarios considered in this study.
Scenario 1.
There is no debonding between aluminium and composite laminates.
Only the fatigue crack is modelled and the crack lengths considered are 8mm, 12mm, 16mm and 20mm.
Scenario 2.
Both fatigue crack and debonding are modelled, and both crack lengths and debonding lengths considered are 8mm, 12mm, 16mm and 20mm. 
Scenario 1
For the Scenario 1, the model contains a fatigue crack only. Fig. 8 shows that the value of A2c obtained with S0 incident wave is higher than that of using A0 incident wave for different crack lengths in both reflected and transmitted signals. Meanwhile, when crack size increases, the value of A2,c increases monotonously of using both S0 or A0 guided wave as incident wave. However, when A0 guided wave is used as the incident wave, both the magnitude and the rate of increase of A2,c are smaller than that of using S0 as incident wave. The results suggest that the S0 guided wave is more sensitive to the fatigue crack than A0 guided wave, which is consistent with the findings in previous research 33 . 
Scenario 2
For the Scenario 2, both fatigue crack and debonding are modelled, and the length of both of them increase simultaneously. Fig. 9 shows that the value of A2,c+d for the reflected and transmitted wave signals increases with the fatigue crack and debonding length when S0 and A0 guided wave is used as incident wave, respectively. For transmitted wave, the value of A2,c+d for the case of using A0 incident wave is higher than that of using S0 incident wave. However, the value of A2,c+d for using S0 incident wave is higher than that of using A0 incident wave in the case of reflected wave. The ratio of A2,c+d to A2,c is also shown in Fig. 10, which shows the difference of the second harmonic amplitude between the model with both crack and debonding, and crack only. Fig. 10 shows that when S0 incident wave is used, the value of A2,c+d is about four times higher than A2,c when both fatigue crack and debonding are existed in the model. There are two reasons that the value of A2,c+d is larger than the A2,c. Firstly, it can be due to the frictional contact between debonding interfaces induced by S0 guided wave. Secondly, compared with the results of Scenario 1, when there is no debonding, the interaction of the crack interfaces is restricted by the composite patches. However, this restriction is released when the composite patches are debonded. In contrast, when A0 guided wave is used, the A2,c+d/A2,c ratio increases more significantly when the damage length increases, and the A2,c+d/A2,c ratio of the transmitted wave is larger than that of 
Scenario 3
For the Scenario 3, the fatigue crack length is fixed at 8mm and the debonding length increases from 8mm to 20mm. As shown in Fig. 11 , when S0 incident wave is used, the value of A2,d remains about the same magnitude for both transmitted and reflected wave despite the increase of the debonding length. When A0 incident wave is used, the value of A2,d in the transmission direction is higher than that when S0 incident wave is used. For the reflection direction, the A2,d value obtained by using S0 incident wave is higher than that of using A0 incident wave. Similar finding was obtained in the work of Soleimanpour et al. 32 , in which the second harmonic amplitude varies with the delamination length without a clear trend when A0 incident wave is used. It should be noticed that the second harmonic of the transmitted wave using A0 incident wave is much higher than that of the reflected wave. Comparing with the results of the model with the fatigue crack only, the ratio between the A2,d
and A2,c decreases when A0 and S0 incident wave is used, respectively, and the decreasing rate in the transmitted wave of using A0 incident wave is more obvious (Fig. 12) . Meanwhile, the ratio of using A0 incident wave is also higher than that of using S0 incident wave. This is similar to the results of the Scenario 2. 
Conclusions
This study has presented an investigation of the second harmonic generation due to guided wave interaction with the crack-induced debonding in the FRP strengthened aluminium plate. In this study, 3D FE simulations have been used to predict the wave propagation and scattering at the crack-induced debonding in the FRP strengthened aluminium plate. Three different damage scenarios, fatigue crack only, both crack and debonding, and debonding with the fixed crack length have been considered. In each damage scenario, a six-cycle 200 kHz S0 and A0 incident wave have been used separately to reveal the second harmonic generation due to the contact nonlinearity.
The simulation results have shown that for different damages and different incident wave modes, the second harmonic amplitude variation against the damage length has a unique characteristic. It has been observed that S0 incident is more sensitive for fatigue crack and A0 incident wave is more sensitive to debonding. This indicates that normal contact is the major source of nonlinearity contributing the second harmonic generation as compared with the frictional contact. The results have also shown that when A0 incident wave is used, the second harmonic amplitude is generally larger than that when S0 incident wave is used for the model with debonding. In addition, when S0 incident wave is used, the second harmonic amplitude increases only when the length of the fatigue crack increases, while the increase of debonding length will not obviously increase the second harmonic amplitude. For the model with debonding, the second harmonic amplitude of the transmitted wave is larger than that for the reflected wave, especially when A0 incident wave is used. For the model with the fatigue crack only, the second harmonic amplitude of reflected wave is slightly larger than that of transmitted wave when S0 incident wave is used.
These findings have shown the potential of using A0 and S0 guided wave in detecting and identify the damage, such as debonding or/and fatigue crack, in the FRP strengthened metallic plate. Further work can be carrying out experimental tests to study the practical feasibility of using nonlinear guided wave to detect and distinguish different types of defects in the FRP strengthened metallic plate.
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